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The metal-insulator (MI) transition in BaVS3 has been studied at ambient pressure and under
hydrostatic pressure up to p = 26 kbar in the frequency range of 20 − 3000 cm−1. The charge
gap determined from the optical reflectivity is enhanced, ∆ch(p)/kBTMI(p) ∼ 12. This ratio is
independent of pressure indicating that the character of the transition does not vary along the p−T
phase boundary. Above the critical pressure, pcr ∼ 20 kbar, metallic spectra were recorded in the
whole temperature range, as expected from the shape of the phase diagram. Our results exclude the
opening of a pseudogap above TMI at any pressure. Below TMI an unusually strong temperature
dependence of the charge gap was observed, resulting in a ∆ch(T ) deviating strongly from the mean
field-like variation of the structural order parameter.
A class of symmetry breaking phase transitions, char-
acterized by an anomalously large gap parameter, has
recently attracted much attention and has been investi-
gated intensely in the wider framework of strongly cor-
related electron systems. Though in some manganites
and nickelates the huge enhancement of the ∆/kBTc ra-
tio, sometimes as large as ∼ 30, is accompanied by the
opening of a pseudogap above Tc [1, 2], in most cases a
mean-field-like temperature dependence of ∆ is observed.
In contrast, in first order metal-insulator transitions a
more drastic, often discontinuous opening of the charge
gap is seen. On the other hand, the transition in the in-
organic spin-Peierls system CuGeO3 looks almost like a
first order one, as the opening of the singlet-triplet gap
is much sharper than the BCS functional form and fol-
lows ∆ ∝ (Tc − T )β with β ≈ 0.1 instead of 0.5 [3]. In
BaVS3, the detailed temperature dependence of neither
the spin gap nor the charge gap has been measured so
far. The present study of the infrared (IR) optical prop-
erties demonstrates that electron correlations play crucial
role in BaVS3: they lead to a large enhancement of the
∆/kBTc ratio and simultaneously give rise to an abrupt
temperature dependence of ∆.
At ambient pressure BaVS3 exhibits a phase transi-
tion from a high-temperature paramagnetic “bad metal”
phase to a low-temperature singlet insulator state at
TMI ≈ 70K [4]. This is a second order phase transition,
as it has been pointed out recently by the comparison of
the anomalies observed in different thermodynamic prop-
erties [5]. The observation of the crystal symmetry lower-
ing [6] in more recent X-ray experiments provided direct
evidence for the second order character of the transition
at TMI ≈ 70K.
The metallic nature of the compound is enhanced by
the application of hydrostatic pressure and the transi-
tion temperature is suppressed at an average rate of
∆TMI/∆p ≈ 3.4K/kbar [7, 8]. The critical pressure
above which the metallic phase extends over the whole
temperature range is pcr ≈ 20 kbar [8]. The suppression
of the insulating phase is accompanied by a monotonic
decrease of the spin gap [5]. Moreover, the phenomenon
occurring at TMI ≈ 70K at ambient pressure has been
described as a spin-Peierls-like transition. Its order pa-
rameter, ∆sp, scales with the transition temperature as a
function of pressure according to ∆sp/kBTMI ≈ 3.6 [9].
This indicates that the character of the phase transition
does not change under pressure.
Dc conductivity measurements clearly demonstrate the
opening of a charge gap (∆ch) [10]. However, the magni-
tude and temperature dependence of ∆ch can not be de-
termined unambiguously: the purity of the sample has a
strong influence on the transport in the insulating phase,
and the activation energy obtained from the dc conduc-
tivity is temperature dependent. The results vary be-
tween ∆ch = 570K and 1120K [7, 11]. The photoe-
mission threshold energy obtained by Nakamura et al.
[11] corresponds to an intermediate value, ∆ch ≈ 710K.
The present IR optical study reveals the magnitude
and temperature dependence of the charge gap at am-
bient pressure. We also find that the ∆ch/kBTMI ra-
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FIG. 1: Left: The reflectivity and conductivity spectra of BaVS3 at ambient pressure as a function of temperature. The value
of the gap and the multi-phonon branch just below the gap are indicated by arrows. For comparison the data obtained at
T = 60K inside of the pressure cell are also plotted. Right: The reflectivity and conductivity spectra in the insulating phase
of BaVS3 at several pressures. The arrows indicate the frequencies identified with the gap values. At ambient pressure both
the raw spectra (evaluated by Eq. 1) and the smoothed curves are shown.
tio is independent of pressure. However, in contrast to
∆sp/kBTMI , that is very close to the BCS ratio, the mea-
sured ∆ch/kBTMI is 3 times larger. The charge gap rep-
resents a higher energy scale in the system.
Infrared reflectivity of BaVS3 single crystals has been
measured in the frequency range of ω = 20− 3000 cm−1,
between room temperature and 10K, at several pressures
up to p = 26 kbar. The incident light was unpolarized,
and nearly perpendicular to the rectangular (1mm ×
3mm), cleaved surface of the sample. Since the small
spotsize of the beam and the high intensity in the FIR
range were crucial requirements for this study most of the
measurements were done at the U10A beamline of the
National Synchrotron Light Source of the Brookhaven
National Laboratory, with a Bruker 66v/S spectrome-
ter. At ambient pressure the sample was mounted on
the cold finger of a helium flow cryostat. The reflectivity
data were referenced to the reflectivity of a gold mirror,
also mounted on the cryostat. Some of the data below
50 cm−1 were taken in a Bruker 113v spectrometer, using
the internal source, with a Au film evaporated to the sur-
face of the sample to act as a reference. The same crystal
was also studied in a custom designed self-clamping pres-
sure cell. Optical access was achieved through a cylindri-
cal natural diamond, with wedged plane surfaces to elim-
inate interference fringes, and to facilitate reference mea-
surements. The large (1.5mm) window size and the ab-
sence of low-frequency absorption allowed investigations
down to 20 cm−1. We used the light reflected from the
outer surface of the diamond (vacuum-diamond bound-
ary) as a reference signal. The sample was mounted on
the inner surface of the diamond, and the angle of wedg-
ing between the two surfaces allowed for a clean separa-
tion of the reference and sample reflection. Besides the
optical access, an electrical leadthrough was also imple-
mented, and the pressure was monitored in situ by an
InSb sensor. The pressure cell was also cooled by the He
flow cryostat.
The left panel in Fig. 1 summarizes the evolution of the
optical spectra as a function of temperature at ambient
pressure. The evaluation of the spectra in the pressure
cell, shown in the right panel of Fig. 1, was done the fol-
lowing way [9]. In order to eliminate interference fringes
due to the thin film of the pressure medium formed be-
tween the sample and the diamond, at each pressure we
calculated the ratio of the insulating and metallic phase
reflectivity measured usually with 10K below and above
the transition. At p = 26 kbar this ratio, obtained as
the quotient of the T = 7K and 40K spectra, is ∼ 1 in
the whole range verifying the lack of the metal-insulator
transition. At pressures smaller than pcr we then eval-
uated the absolute reflectivity of the insulator according
3to
RIabs(p) =
RI(p)
RM (p)
·RMabs , (1)
where RI(p) and RM (p) are the raw data obtained at
a given pressure below and above TMI , respectively and
RMabs is the out-of-cell ambient pressure metallic curve,
which served as a standard. This evaluation does not in-
fluence the structure of the spectra since, (i) in the metal-
lic state of BaVS3 the reflectivity has a weak and mono-
tonic temperature dependence with a relative change
≤ 15% at any of the investigated pressures, and (ii) the
high-temperature dc conductivity is not very sensitive to
the pressure as σdc(p = 22 kbar)/σdc(p = 1bar) ≈ 1.2 at
room temperature [8]. After calculating the reflectivity
by Eq. 1 some remains of the interference fringes are still
superimposed on the data. In order to better visualize
the results, we smoothed out this oscillation in the re-
flectivity by interpolation and then applied the Kramers-
Kronig transformation as it is shown in case of the “1
bar”, low temperature measurement in the right panel of
Fig. 1. This step effectively lowers the frequency reso-
lution, and it results in the smearing out of the phonon
peaks in the range of 200 − 400 cm−1; however, it also
allows a better determination of the charge gap. The
agreement between the ambient pressure insulating spec-
tra obtained inside and out of the pressure cell is demon-
strated in the left panel of Fig. 1.
Above TMI the raw data clearly correspond to metal-
lic behavior: the reflectivity tends R → 1 approaching
zero frequency, as clearly and directly shown in the am-
bient pressure measurements. In contrast, below TMI the
low-frequency reflectivity is constant. Due to the vanish-
ing electronic screening the phonon resonances sharpen.
The dominant phonon peak around 100 cm−1 is clearly
observable below 70K at ambient pressure and at ev-
ery pressure as long as the metal to insulator transition
takes place. Similarly to the isostructural BaTiS3 and
BaNbS3 [12], this peak is due to two, closely centered,
modes. Both of them correspond to the motion of the
barium relative to the sulfur octahedron and the em-
bedded atom (in our case the vanadium). In terms of
the optical conductivity, the key finding is the complete
suppression of the low-frequency spectral weight below
TMI , due to the development of the charge gap. At high
frequencies the difference between the metal and the in-
sulator disappears and above ∼ 700 cm−1 all the curves
essentially converge. At lower frequency the conductivity
goes through a gradual increase and reaches a maximum
whose frequency is identified with the gap value (pointed
by arrows in Fig. 1). The value of the low-temperature
gap at ambient pressure agrees well with the gap derived
from the photoemission data of Ref. 11.
The single particle excitations below the gap, if exist,
cannot be distinguished from the contribution of a multi-
phonon absorption in the 200 − 400 cm−1 range. The
dominance of this phonon branch is visible in case of the
ambient pressure measurement [13]. Note that in the
same energy scale in-gap impurity states may also give
rise to an enhancement of the conductivity.
The charge gap is ∆ch ≈ 530 cm−1 = 750K at ambient
pressure and it is reduced by the applied pressure as the
maximum is shifted to lower frequencies. At p = 26 kbar
neither the opening of the gap nor the sharpening of the
100 cm−1 phonons can be detected indicating that the
material remains metallic. This is in agreement with the
shape of the p− T phase boundary and the value of the
critical pressure pcr ≈ 20 kbar determined by resistivity
measurements [8]. As the temperature is lowered, the
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FIG. 2: The solid circles show how the charge gap opens at
ambient pressure and the solid curve is the power-law fit on
the data below TMI = 70K. The open circles are the tem-
perature dependence of the structural distortion measured by
Ref. 6. The dashed line represents the BCS function.
onset of the insulating state is rather abrupt, and we ob-
served only a weak change in the reflectivity spectra of
the insulator between TMI and T = 7K at any pressure.
The temperature dependence of the charge gap is shown
in Fig. 2. The opening of the gap can be contrasted with
the temperature dependence of the structural distortion,
δ measured by Inami et al. [6]. Below the transition tem-
perature the intensity of the superlattice reflection was
found to linear in TMI−T , suggesting that the structural
order parameter has a BCS-like temperature dependence,
i.e. δ(T ) ∝ √TMI − T . The onset of the insulating state
much more sharp in the charge excitations; 85% of the
zero temperature gap is already reached at T = 0.92·TMI .
In a wide range below TMI the temperature variation can
be described by ∆ch ∝ (TMI−T )β with β = 0.07±0.013.
In contrast to the optical gap, the activation energy de-
rived from the dc conductivity experiments is influenced
by the impurity concentration. In a separate study we
have investigated the dc transport of the several samples
under pressure. The resistivity of the cleanest sample
increased nine order of magnitude from TMI down to
T = 20K at ambient pressure. Although its temper-
ature dependence slightly deviates from the Arrhenius
law one can estimate the gap within 30% error and find
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FIG. 3: The charge gap vs. the transition temperature as
derived from the optical (solid symbols) and the dc transport
(open symbols) experiments. The dashed line corresponds to
Eq. 2. The continuous line in the inset is the p − T phase
boundary from Ref. 8 and the dots show the pressures inves-
tigated in the present study.
∆ch = 690 ± 100K. The magnitude and the pressure
dependence of the charge gap determined by IR spec-
troscopy and dc transport agree fairly well as shown in
Fig. 3. In the p = 0− 18 kbar range the following scaling
relation holds:
∆ch(p)
kBTMI(p)
≈ 11.6 . (2)
Finally, we shortly discuss two basic effects which could
be responsible for the large value of the gap parameter,
∆ch/kBTMI ∼ 12. One possibility is that the transi-
tion temperature could be much larger, but strong fluc-
tuations suppress the development of the ordered state.
When the insulating state develops, the gap rapidly
reaches the large value corresponding the the ”mean
field” transition temperature. In BaVS3 such fluctua-
tions may be induced by the competition of different or-
derings like in La1−xCaxMnO3 (x ≈ 0.5) where ferromag-
netic and charge order (CO) coexist in a limited region
of the T − x phase diagram [1]. A wide precursor range
can also arise from the low dimensionality of the sys-
tem as it is the case in many CDW or SDW compounds
or in La1.67Sr0.33NiO4 where the presence of fluctuating
charge stripes are observed well above TCO [2]. However,
the dynamical fluctuations due to the preexisting short
range order are usually manifested in the formation of a
pseudogap; this possibility may be excluded by our IR
study.
Another explanation is that the charge gap is affected
by the electron-electron interaction. Such a correlation-
driven enhancement of the gap is though to be present in
several manganites like Bi1−xCaxMnO3 (x = 0.74−0.82)
[14], Pr0.6Ca0.4MnO3 [15] and La1−xCaxMnO3 (x ≥ 0.6)
and in the nickelate NdNiO3 [16] where the gap param-
eter is ∼ 20, ∼ 9, ∼ 10 and ∼ 20, respectively. The
temperature dependence of the gap in all of the above
cited 3d compounds fairly follows the BCS functional
form while in BaVS3 the transition appears in ∆ch in a
much sharper manner. In this sense BaVS3 can rather be
related to the spin-Peierls system CuGeO3, where a simi-
larly strong temperature dependence of the singlet-triplet
gap with an exponent of β ≈ 0.1 is detected by neutron
scattering [3]. A microscopic theory describing the metal
to insulator transition and the “pressure-magnetic field-
temperature” phase diagram [5, 8, 9] of BaVS3 is highly
desirable.
In conclusion, our FIR optical study supplied a de-
tailed experimental description of the evolution of the
charge gap in BaVS3 as a function of pressure and tem-
perature. We have shown the lack of a pseudogap above
the phase transition and a strong deviation of ∆ch(T )
from the BCS-type structural order parameter has been
found. These results show that BaVS3 belongs to a novel
class of correlated systems where the onset of transition
appears in a remarkable different way in the lattice struc-
ture and the electron system.
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